Introduction
MgB 2 is a promising material over the Nb-based superconductors especially for application at around 20 K [1, 2] . Therefore, fabrication of such material into various forms such as wires and tapes, is crucial for large scale application. In general, samples with well connected grains could be prepared via the in situ method [3, 4] . Nevertheless, Mg and B related oxides are often formed at the grain boundaries [5, 6] leading to reduction of the effective cross sectional area for current transport in MgB 2 , hence the poor critical current density (J c ) performance. Indeed, the presence of oxide phases like MgO and B 2 O have been observed widely [7] . Due to the volatile nature of Mg, vaporisation of Mg occurs easily during heat treatment giving rise to high porosity in the in situ samples [8] .
For the ex-situ method, either laboratory made or commercial pre-reacted MgB 2 powder is used as precursor for further processing. As these powders consist of individual particles in a wide range of size, connecting them is the key for achieving high current transport. It is the presence of weak intergrain coupling [9, 10] that causes a significant reduction of J c despite higher sample density (~75%) [3] . With higher packing factor, it is expected that a high J c can be obtained if the grain connectivity can be improved [3] . Due to the chemically stable nature of MgB 2 [8, 11] , high sintering temperature and long sintering hour are required in order to well connect the grains [12] . Nevertheless, unsintered MgB 2 tapes have been measured to show transport J c of ~10 4 at 4.2 K above 6 T [10] . To date, a number of studies using ready-made MgB 2 powder have been performed to realise ex situ MgB 2 for large scale application [3, 9, 11, 13, 14] . Various methods including chemical doping [15] and addition of Mg [16] have been employed in order to improve the intergrain coupling of ex situ MgB 2 .
Abstract In this study, frequency dependent electrical properties of ex situ polycrystalline MgB 2 sintered at 650-850 °C were investigated. Dielectric permittivity (ε′, ε″), dielectric loss (tan δ), alternating current (AC) conductivity (σ ac ) as a function of frequency (100 Hz-10 MHz) were measured at room temperature. The X-ray diffraction (XRD) and grain morphology were analysed and correlated to the findings in dielectric properties. Due to weakly coupled grains and presence of high fraction of oxides, positive real dielectric permittivity was measured for the ex situ samples as compared with the negative real dielectric permittivity shown by the in situ MgB 2 . Nevertheless, the samples sintered at higher temperature showed improved grain connectivity as reflected by the higher AC conductivity and dielectric loss. The semicircle observed in the complex impedance plots together with the combined spectroscopy plots indicates that the electrical behavior of the ex situ samples is mainly due to the bulk and grain boundary responses as opposed to the sole bulk response of the in situ MgB 2 . The modelled equivalent circuit also suggests the presence of insulating grain boundary barrier (due to the oxide phases) next to the conducting bulk in the ex situ samples.
Somehow, the samples produced in this way are also weakly coupled by giving high normal state resistivity [16] because of the change of electronic properties at the interparticle regions. Furthermore, the presence of oxide layers like MgO, BO x in the ready-made MgB 2 powders [11, 14] may reduce the coordination number and thus limits high current transport [17] .
In polycrystalline materials, the overall resistance is governed by the intergrain and intragrain properties. Other than direct current (DC) related methods [3, 11, 18] , impedance spectroscopy provides a fairly adaptable way of investigating such electrical behaviour. Impedance spectroscopy has long been used to characterise the contributing effect of bulk and grain boundaries on the overall resistance of electroceramics [19] . In the presence of electric field, the material under test will be polarised. Generally, the four major mechanisms associated with polarisation in different frequency regimes are electronic, atomic, orientational or dipolar and interfacial polarisation [20, 21] .
Thus far, only a few studies on the dielectric properties of in situ MgB 2 have been reported [22] [23] [24] . Low value of radio frequency (RF) dependent capacitance, ~0.5 nF at 10 kHz, room temperature (r.t.) was reported for MgB 2 bulk. The dielectric relaxation was shown to be due to both intergrain and bulk response [22] . On the contrary, high frequency dependent positive ε′ (~10 7 ) at 10 kHz, 280 K was measured in MgB 2 bulk as reported by Cui et al. They claimed that such a high value of ε′ is due to the high electrical conductivity of MgB 2 [23] . However, the dielectric loss (tan δ) was found to inversely proportional to the angular frequency applied because of the increased charge hopping [23] .
As MgB 2 exhibits metallic electrical properties as demonstrated by the DC resistivity measurements [1, 25, 26] and studies of optical conductivity [27, 28] , negative ε′ is expected for MgB 2 in the normal state when the measuring frequency is below its plasma frequency (ω p ~ 2.41 eV [27] ) according to the Drude model [29] . Several reports have also confirmed that MgB 2 indeed follows a Drude response [28, 30] . A recent report by our group has proven that the ε′ as low as −6 × 10 5 was obtained at 10 kHz, r.t [24] . This value is lower than that of Tl-based superconductors (ε′ ~ −1.8 × 10 4 ) at the same applied frequency and temperature [31] . Negative ε′ has also been observed in materials like alloys [32] and semiconducting devices [33, 34] due to a number of phenomena such as space charge effect [35] , charge injection [36] , charge trapping and emission [33] .
Previously, we reported the dielectric properties of MgB 2 prepared using the in situ method [24] . Those samples show negative dielectric permittivity due to their metallic behaviour. We also showed such electrical behaviour is solely due to the bulk response of MgB 2 . In the present study, we report the dielectric properties of ex situ MgB 2 at room temperature. This allows a comparison of dielectric properties of the in situ and ex situ MgB 2 to be made and hence provides insight on the difference in electrical behaviour between the two types of materials. The present work reports the dielectric properties of ex situ MgB 2 for the first time and to throw light on how intergrain and intragrain properties affect the overall resistance of these samples. The ex situ samples were prepared at the temperature range of 650-850 °C in order to vary their phase formation, crystal structure and grain connectivity. These differences among the samples were correlated to the dielectric permittivity (ε′, ε″), tan δ and AC conductivity (σ ac ) as a function of frequency (100 Hz-10 MHz) at room temperature. It is shown that these ex situ MgB 2 samples exhibit positive ε′ as opposed to negative ε′ measured for the in situ samples [24] . Besides, the dielectric relaxation shown in the ex situ MgB 2 is due to both grain boundary and bulk responses rather than single bulk response in the in situ MgB 2 . The increasing conductivity towards higher frequency is corelated to the interaction between free charge carriers or hopping motions of these charge carriers between the local sites.
Materials and methods
To start with, magnesium (Tangshan, 99%) and boron (Tangshan, 95-97%) powders were weighed to the mole ratio of 1:2 (Mg:B) and hand-mixed thoroughly for 90 min in air using a mortar and pestle. The mixture was then uniaxially pressed into pellets of 13 mm in diameter and about 1.3 mm thickness. These pellets were sealed inside a stainless steel tube with both ends clamped for reaction at 650, 750 and 850 °C, respectively, for 1 h. Then, the pellets were crushed and reground for 10 min before pressing into pellets again. They were then sealed inside a stainless steel tube and sintered at 650, 750 and 850 °C, respectively, for 1 h to form the ex situ samples. All the heat treatment was carried out in Ar gas flow with the heating and cooling rates of 5 °C/min. Table 1 summarizes the sample identities and their respective sintering conditions.
The constituent phases of the samples were analyzed using X'Pert Pro Panalytical PW3040 MPD X-ray Diffractometer with Cu anode. θ-2θ scan from 20 to 80° was carried out in the step size of 0.02°. Fractured surfaces of the pellets were imaged using Jeol JSM 7600F field emission gun scanning electron microscope (FEG-SEM). The dielectric measurement was carried out using Agilent 4294A impedance analyzer in the frequency range of 100 Hz-10 MHz at room temperature (r.t.). Conventional two-probe technique was employed and the samples were sandwiched between two brass probes. An AC signal of 500 mV rms was applied during the measurements.
Capacitance (C) and conductance (G) of the samples were the raw data obtained directly from the impedance analyzer. The real and imaginary dielectric permittivity (ε′, ε″), AC conductivity (σ ac ), dielectric loss (tan δ), electric modulus (M*) and complex impedance (Z*) were determined using the following formalisms [24, 37] : ) and ω = 2π f where f is the frequency of the applied AC field (Hz). The C and G values used in the complex impedance (Z*) were normalised with geometric factor of each sample before applying to Eq. (6). Figure 1 shows the XRD spectra of the ex situ MgB 2 samples. Majority of the peaks were indexed to MgB 2 (ICDD: 38-1369). Some of the peaks were indexed to MgO (ICDD: 45-0946) and B 2 O (ICDD: 41-0624). The hkl values of the respective MgB 2 peaks were labeled accordingly at the top layer of Fig. 1 . The formation of MgO is unavoidable due to powder handling in air. Hence, air was entrapped in the stainless steel tubes prior to the first and second heat treatment. Boric oxide (B 2 O) was also detected as one of the impurities. This phase has also been observed in MgB 2 prepared using crystalline boron [7, 38] . This is an indication of oxidation of MgB 2 which started at as low as 400 °C [39] . However, no sign of higher boride phase i.e. MgB 4 was detected suggesting that Mg deficiency in the samples is not severe [40] possibly due to the chemically stable nature of MgB 2 and the relatively lower sintering temperature used in this work (<900 °C) [41] .
Results and discussion
The relative phase intensity fraction and full width at half maximum (FWHM) of selected peaks of the ex situ
MgB 2 samples are shown in Table 2 . The relative phase intensity fraction was calculated according to the following Eq. [42] :
where D X is the relevant phase intensity fraction, I MgB 2 (hkl) is the relative intensity of each peak present in MgB 2 and I X is the relative intensity of the (220) peak and (003) peak for MgO and B 2 O, respectively. These ex situ samples have higher fraction of MgO (13-21%) and traceable amount of B 2 O (<1%). The relative intensity fraction of MgO is higher than that of the in situ MgB 2 (~8%) [24] . The higher MgO phase could be due to oxidation of free Mg from the decomposition of MgB 2 during the sintering process [39, 43] . Comparing the values of FWHM of the samples 65CX2 and 85CX2 suggests that higher sintering temperature increases the crystallinity. However, 75CX2 has the highest FWHM value among the samples indicating its lowest crystallinity probably because of its smallest crystalline size (will be discussed further in the following part). This may due to the inhibiting effect of oxide phases on the crystallite growth as has been observed in ex situ MgB 2 tapes [44] . The lattice properties of the ex situ MgB 2 are shown in Table 3 . The crystallite size and lattice strain were calculated using the X'pert Highscore Plus software based on the (101) peak of MgB 2 . The crystallite size was found to increase while the lattice strain was reduced with increasing sintering temperature. All of these points toward enhanced crystallinity in the samples sintered at higher temperature. At high sintering temperature, the crystallite growth is competing with the effect of oxides (inhibiting crystallite growth). At 750 °C, the inhibiting crystallite growth effect dominated due to higher fraction of oxides as compared to the sample 65CX2 (Table 2 ). For 85CX2, the higher sintering temperature at 850 °C promoted crystallite growth despite the presence of comparable fraction of oxides to that of 75CX2. Hence, this may explain the smallest crystalline size in sample 75CX2. The suppression of crystallite growth in addition to the presence of high fraction of oxides may probably be the reason for the highest value of FWHM in the sample 75CX2 agreeing with the finding reported previously [44] . The lattice parameters were determined based on the Rietveld method using the same software. As shown in Table 3 , both the a-and c-axis increased as the sintering temperature was increased. The expansion in c-axis also suggests higher oxygen substitution at the B site [45, 46] in accordance with the larger fraction of oxides shown in the samples sintered at higher sintering temperature ( Table 2 ). The unit cell volume, V is about the same among the samples, approximately 29.0 Å 3 . The lattice distortion (c/a) is slightly larger for the samples sintered at higher temperature. As compared to the in situ samples [24] , the ex situ samples here exhibit smaller a-and longer c-axis, larger crystallite size and smaller lattice strain. Figure 2 shows the field-emission gun scanning electron microscope images of (a) 65CX2, (b) 75CX2, (c) 85CX2 and their respective grain size distribution (Fig. 2d-f) . The images taken at low magnification showed that the samples are porous (not shown here). The bulk density of these samples is quite similar to each other, ranging from 1.67 to 1.78 g/cm 3 ( Table 1) . The values of sample density were obtained simply by dividing the mass by the volume of the pellets. These values are about 64-68% of the theoretical density of MgB 2 [46] . Nevertheless, these values are 14% higher than that of the in situ MgB 2 samples [24] . Images taken at high magnification (Fig. 2a-c) showed randomly oriented hexagonal grains. It is noticeable that the sample sintered at 650 °C has more grains with hexagonal shape but fewer agglomerates (Fig. 2a) . White agglomerates with irregular shape may be MgO [47] . As the sintering temperature increases, the hexagonal grains are more distorted and hardly distinguished (Fig. 2c) . Sintering the ex situ MgB 2 helps small crystallites and grains better bonded together and yields larger grains. However, sintering at higher temperature allows more oxygen incorporation giving rise to the formation of higher fraction of oxides. The formation of the oxide phases especially at the surface of the grains [39] may lead to the distorted grains observed here. This agrees with the increased relative phase intensity fractions of impurities and distorted lattice as shown in Tables 2 and 3 . The grain size of the sample was measured using the software ImageJ. As much as 50 grains were selected for the calculation of grain size distribution. Histograms were also plotted to show this distribution ( Fig. 2d-f) . From the histograms, the mode of the size distribution increases from 0.26 μm (Fig. 2d) to 0.31 μm (Fig. 2f) with increasing sintering temperature indicating grain growth. Generally, the grains of our samples are about 25% larger than that of the in situ samples [24] .
The frequency dependence of real dielectric permittivity for the ex situ MgB 2 is shown in Fig. 3 . All samples show positive ε′ of 20-35 within the applied frequency range. The positive dielectric permittivity shown here is in contrast to the negative ε′ as measured for the in situ samples [24] . At frequency higher than 3 kHz, 65CX2 has the highest ε′ value among all the samples despite having lower fraction of the oxide phases. For dielectric material like strontium titanate-nickel zinc ferrite (STO/NZO) composite, the reported value of ε′ is about 200 at 10 kHz, r.t [48] . At the same applied frequency, the ex situ samples here show ε′ of 20-25, the range of value which is about ten times smaller than that of the STO/NZO composite [48] .
As shown in Fig. 3 , the behaviour of ε′ can be described in two different frequency regimes: low frequency (<10 3 Hz) and high frequency (>10 3 Hz). At frequency below 10 3 Hz, ε′ is more positive due to electrode or interfacial polarisation. This is due to the blockage of charge carriers at the sample/electrode interface. Thus, positive and negative charges are separated giving rise to additional polarisation [49] . At high frequency (>10 3 Hz), the ε′ is slightly frequency dependent with no significant dispersion observed. The high ε′ shown in these samples clearly indicates that the overall resistance in the samples is much higher as compared to that of the in situ samples reported earlier [24] . The possible reason for this is the additional grain boundary barrier that can be due to the poorly connected grains [8, 11] or insulative intergranular impurities i.e. oxide phases [5, 6] . Both MgO (ε′ ~ 4.7) and B 2 O (ρ ~ 500 Ω cm) are well known effective dielectric medium [50] and insulating phase [51] at room temperature. The dielectric medium reduces the electric field penetration and increases the dielectric permittivity. The sudden increase of ε′ near 10 7 Hz is due to the resonance frequency near the systematic limit of the instrument. Figure 4 shows the frequency dependence of imaginary dielectric permittivity for the ex situ MgB 2 samples. ε″ arises due to the relaxation of charge carriers or dipole in response to the applied electric field. The magnitude of ε″ is directly proportional to the conductance, G [52], while G depends on the relaxation time of the charge carriers. The lower value of ε″ as compared to the in situ samples [24] indicates the higher charge scattering (short relaxation time) and increased electrical resistivity in these samples [53] . It is observed that the ε″ shows a loss slope with increasing frequency. A similar behaviour of loss slope has also been reported in NiZn ferrite [54] and TBCCO superconductor [55] that fits into the description of mobile charge carrier in an electron hopping system [56] . The lower values of ε″ for samples sintered at lower temperature are most probably because of the poorer grain connectivity. Above 2 kHz, ε″ values are found to be close to each other. The value of ε″ at 10 kHz is five order of magnitude lower compared to that of the in situ MgB 2 [24] showing that the energy loss in the ex situ MgB 2 is relatively smaller. Such result is in accordance with the higher oxide phase and poorer grain connectivity in our sample as compared to the in situ ones [24] . As expected, the value of ε″ obtained in this work (∼10 3 ) is still very much higher than that of a typical dielectric material-calcium copper titanate (~520) [57] and STO/NZO composite (~100) [48] at 10 kHz, r.t. This finding is in agreement with the fact that MgB 2 is highly conductive and hence resulting in high loss.
Dielectric loss, tan δ is the ratio of energy dissipated per radian in the material to the energy stored at the peak of the polarisation [31] . It is free of geometric factor and allows one to understand the conductivity mechanism and dielectric relaxation. Figure 5 shows the frequency dependent dielectric loss for the ex situ MgB 2 . The tan δ decreased with increasing frequency before saturated above 10 kHz whereby it has a weak dependency on the applied frequency. Strong dispersion of tan δ towards lower frequency (from 2 kHz leftward) was found in the samples sintered at higher temperature. This indicates suppressed energy dissipation in the samples sintered at lower temperature probably because of the reduced conductivity as a result of poorer grain boundary conditions. The samples sintered at higher temperature have more energy dissipation probably because of higher conductivity as a result of improved grain boundary transparency despite having higher fraction of impurities ( Table 2) . As these samples have about the same density (Table 1) , the effect of porosity that can lead to high tan δ [52] is irrelevant here. Figure 6 shows the frequency dependent AC conductivity (σ ac ) for the ex situ MgB 2 . All samples show frequency independent σ ac in the range 10 2 -10 4 Hz and then σ ac is strongly frequency dependent towards higher AC conductivity as the applied frequency was increased. The AC conductivity is closely related to the tan δ (Eq. 4). Normally, high AC conductivity is accompanied by high tan δ because of more energy dissipation. This supports the claim that the samples sintered at higher temperature are more conductive giving rise to higher tan δ (Fig. 5) . The AC characteristic of these ex situ samples suggests that they are non-metallic and capacitive which can be well described by Jonscher's power law model, as shown by the dashed lines in Fig. 6 . According to the Jonscher's power law, frequency dependent conductivity, σ(ω) is given as [20] :
where σ o is the DC conductivity, A is the temperature dependent pre-exponential factor and n is exponential (8) σ(ω) = σ o + Aω n factor. This model ascribes the frequency independent conductivity at low frequency as quasi-DC or low frequency dispersion (LFD) while frequency dependent conductivity at high frequency depends on the interaction of the charge carriers and lattices. The sample 65CX2 has lower AC conductivity than that of 85CX2 because of more weakly connected grains despite having lower fraction of impurities ( Table 2 ). The AC conductivity of the ex situ MgB 2 differs from that of the in situ samples which are inductive [24] .
As the sintering temperature was increased, more impurities and agglomerates were formed in the samples as shown by the XRD data and FEG-SEM images leading to higher resistivity. However, the grain connectivity in the samples was improved at higher sintering temperature. As a result, the transport of free charge carriers is facilitated in the samples sintered at higher temperature hence higher conductivity (up to 1 MHz), following Mathiessen's rule [58] . The increased conductivity at high frequency (>10 5 Hz) can be due to increased interaction between the free charge carriers or hopping motions of localized charge carriers between the defect sites (contributed by defects and impurities) [59] . This in fact agrees with the higher fraction of impurity phases (Table 2 ) and the presence of more agglomerates observed (Fig. 2 ) in these ex situ samples. The exponential increase of conductivity at high frequency is quite similar among the samples suggesting that they may have the same conduction mechanism.
The complex impedance plots for the ex situ MgB 2 samples is shown in Fig. 7 . The inset shows rescaling at higher frequency. All samples show a single circular arc. The circular arc seems to span from the origin and intercepts at Z″ = 0 yielding the impedance value, Z′. The larger arc indicates a gradual increase in resistivity as a result of degraded grain connectivity. Meanwhile, rescaling at the origin revealed that the arc did not intercept at zero and therefore, additional resistance may contribute. Such electrical behavior can possibly be due to the electrode / interfacial resistance or grain boundary response in addition to bulk response. This circular arc observed in the complex impedance plots may be represented by an equivalent inductor-resistor-capacitor (LRC) circuit as shown in Fig. 7 . The impedance data was fitted to an equivalent circuit model using the ZView least-squares refinement program (ver. 2.90, Scribner Associates Inc., USA). The circuit model contains two parallel resistor-capacitor (RC) elements next to an inductor-resistor element, an extra parallel RC element to that of the in situ MgB 2 [24] . As such, this extra parallel RC element is most likely contributed by the grain boundary (due to the oxide phases) effect on top of the bulk response. The best fit based on the circuit model is also shown as dashed lines in Fig. 7 .
In order to confirm the circuit model of the ex situ MgB 2 as the complex impedance plot shows only one semi-circle (possibly only one electroactive region), a combined spectroscopy using the modulus representation, M* = M′ + jM″ was plotted. The M* representation (1/ε*) was originally introduced by Macedo et al. to study spacecharge relaxation phenomena [37] . It is now often used together with the impedance and permittivity formalisms to distinguish bulk and grain-boundary effects and/or to differentiate the microscopic processes that are responsible for localized dielectric relaxations and long-range conductions [60] . Figure 8 shows the combined spectroscopy plots for the ex situ MgB 2 . The maxima shown in M″ coincides with the maxima of Z″ but inclines at higher frequency later. This further confirmed the existence of additional bulk response to the grain boundary which has been reported elsewhere [19, 61] .
It is noticeable that all the ex situ samples show nonDebye response as shown in the combined spectroscopy plots (Fig. 8) . A Debye response material is a material that shows ideal single peak of the Debye relation [21] which has the sole bulk response with a common FWHM value of 1.14 decades in the M″ plot [62] . Larger deviation of FWHM value is observed in 65CX2, implying more severe electronic inhomogeneity in this sample. This also supports the claim that 65CX2 has more grain boundary barrier that contributed to the overall impedance. Therefore, the dielectric behavior of the ex situ MgB 2 samples is due to both bulk and grain boundary responses.
Conclusions
Ex situ MgB 2 bulks had been prepared by sintering the home made pre-reacted powders at temperature range of 650-850 °C for 1 h. Dielectric properties of these samples were investigated at room temperature with the applied frequency of up to 10 MHz. XRD showed the presence of MgO and B 2 O as impurity phases. As opposed to the in situ MgB 2 , the ex situ samples showed positive permittivity due to the weakly coupled grains. As a result, those samples exhibited lower dielectric loss as indicated by the ε″ and tan δ plots. The weak grain connectivity led to suppressed current transport as shown by the behaviour of AC conductivity which could be well described by the Jonscher's power law model. The strong frequency dependent of AC conductivity for the applied frequency above 10 5 Hz is attributed to localized charge hopping. The combined spectroscopy plots confirmed the equivalent circuit model of the complex impedance plots suggesting the presence of an additional insulating grain boundary next to the bulk in the ex situ MgB 2 samples.
